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Introduction
Magnetic films have attracted much interest because of their potential applicability in magnetic and magneto-optic devices. Most studies concern the liquid-phase-epitaxial (LPE) growth of garnet films (I) and recently the LPE growth of hexagonal ferrites has been reported (2, 3) . Concerning the gro~h of spinel ferrites most work, so far, has been done by means of chemical vapor deposition (CVD) . In view of the very limited amount of LPE spinel studies (4, 5) we have started a program to investigate the growth of spinel ferrite films. In this work we want to report on the growth conditions of indium substituted magnesium ferrite by means of LPE.
A basic requirement for hetero-epitaxial growth is a close match of lattice spacing between overgrowth and substrate. For the growth of spinel ferrites non-magnetic compounds with spinel structure e g MeGa 0 (Me=Ni,Mg,Zn,Cu) would be "" 24 suitable as substrates. However, untll now, apart from MgAI204, 708 P.J.M. VAN is relatively low (4~M s ~ 1500 G), and growthlnduced unlaxla~ anisotropy of flux-grown bulk crystals of Al-substituted MgFe204 has been reported (8) .
Experimental
The thermal expansion of MgO and In, Sn or Ti substituted MgFe204 has been determined using high temperature diffractometry. Substitution is accomplished in such away that the room temperature lattice constants are about twice the value of MgO. From the results, summarized in Table I , it can be concluded that the best thermal expansion fit with MgO is obtained for In-substituted MgFe O . The accuracy of the determined lattice constants is + 0.005 4~. The crystals were X-ray oriented within 0.5 ° and cut into (|00)-wafers, with a diameter of 12 mm and a thickness of 0.8 mm. The slices were polished with diamond pastes with successively decreasing particle sizes ranging from 30 to 0.25 ~m. As will be shown later, a final treatment with Syton-W-30 was necessary.
Prior to the film growth the substrates were cleaned with organic solvents. After growth termination, the adhering flux droplets are dissolved in a mixture of hot dilute acetic acid with nitric acid. Measurements of the lattice constant mismatch are made by scanning the (800)-spinel reflection and the (400)-MgO reflection with Fe-K~ radiation.
The misfit is obtained from the relation Aa/a = I -v A8 I + 9 tan @" Here Aa = as -af, is the difference between the unstrained lattice parameters of substrate and film, @ is the Bragg reflection angle and 9 is the Poisson ratio, which is assumed to be 0.25 (17) . Film thickness is measured by grinding a spherical hole, just through the film, using a 40 mm steel ball coated with diamond polishing compofind and measuring the diameter of the concentric circles formed by the film surfaces. Results were checked by interferometric measurements. Vol. 12, No.7
Results
After stirring the melt for about 100 h at 1000°C all solid particles were dissolved, but after cooling to about 900°C tiny crystals could be observed floating on top of the melt. These crystals had an octahedral shape and could be identified as slightly In, Pb and Pt substituted MgFe20 ~a ; 8.425 + 0.005 A). Electronmicroprobe analysis indicate ~g inclusions in some of these crystals. Continuous stirring of the melt at elevated temperatures diminished the amount of solid particles at lower temperatures but the particles never disappeared completely. Obviously some spontaneous nucleation occurs during cooling below the liquidus temperature of the melt.
From our first LPE experiments two features became clear. Firstly a rather large supersaturation of the flux is necessary to nucleate film growth, and secondly the surface finish of the Mg0 substrates is extremely important. We consider the latter point in more detail. At temperatures between 900°C and 850°C a badly adherent overgrowth was obtained on the diamond polished substrates, while on the syton polished substrates no growth could be observed. At lower temperatures we achieve~ a firmly adherent film on the diamond polished substrates. This overgrowth, however, looked very rough and opaque. Film growth on the syton polished substrates started only at temperatures below approximately 780°C. Often island growth was observed ( Fig. 2) with crystallites in the form of identically oriented truncated pyramides with basal edges along <I00> directions. At temperatures between 675°C and 750°C a closed, smooth and transparent, red colored overgrowth was obtained. Solidified adherent flux droplets locally spoiled the otherwise completely shiny surfaces. As shown in Fig. 3 the growth rates showed a quite different temperature dependence for the syton and diamond polished substrates. On the diamond polished substrates the growth rate decrease~ linearly from 0.9 ~m/min at 850°C to less than 0.1 ~m/min at 700°C. For the syton polished substrates the growth rate showed a maximum of about 0.5 pm/min near 760°C (dipping time 5 min.). The difference in growth behavior must be due to the surface morphology of the substrates. Stereoscan pictures reveal a much smoother MgO surface for the syton polished substrates compared with the diamond polishe~ substrates. This difference in surface morphology is clearly reflected in the respective film surfaces. Fig. 4a shows the surface of a rough, opaque film grown on a diamond polishes substrate. The picture shows a rather open structure, looking like a crocket-work, with needles pointing along <IO0> directions. Fig. 4b shows the surface of a transparent film grown on a syton polished substrate. The structure is more dense and rather flat in this case. The surface morphology of areas with after-growth on an otherwise smooth surface is identical with that shown in Fig. 4a . lets. The flatness of the horizontally dipped film was I-2 fringes in Na-D light, compared with 5-I0 fringes for the films grown by vertical dipping. There also is a different temperature dependence on the growth rates for the two cases shown in the figure.
X-ray analysis X-ray diffraction patterns of the films were investigated by means of a Siemens texture goniometer.
Pole figures of one or more forms of lattice planes can be obtained of both substrate a~d film by a proper selection of the Bragg angle 0. The {Ill}-poles of MgO cannot be distinguished from the {222}-spinel poles, but the {220}-poles of the spinel appear alone. From the resulting pole figure we conclude that the films are single crystalline. For the films grown on syton polished substrates the <100> ~irections of film and substrate coincide. However, the opaque films grown on diamond polished MgO show a difference I-2 ° between the <100> directions of film and substrate. Due to this difference the misfit cannot be measured because MgO and spinel reflection cannot be achieved for the same platelet setting in the diffraction equipment. The unstrained misfit Aa = a s -af, between substrate and film, is plotted in Fig. 6 as a function of growth temperature Tg for films grown on syton polished MgO. All films are in compression i.e. Aa < 0. misfit is always 0.01 larger. Due to the difference in thermal expansion coefficient of substrate and film, a zero misfit at the growth temperature leads to a film under compression at room temperature.
For T. = 800°C the resulting room temperature misfit is Aa =-0.0170 A~ while for Tg = 700°C Aa =-0.0165 ~. From Fig. 6 it follows that the films are close to zero misfit or slightly in compression at Tg. The higher compressive strain of the films grown under rotation is probably related to the higher growth rate.
Microprobe analysis
Generally differences in lattice constants are caused by differences in composition.
From studies on LPE grown garnet films it is known that appreciable amounts of Pb can be incorporated (18) . Indeed, x-ray fluorescence measurements revealed the presence of a large amount of Pb in our spinel films. In order to obtain more quantitative information about the chemical In O., with x = 0.09 -0.l~?XAsXs~own in Fig. 7 the Pt content is about 0.05, with slightly increasing concentration at lower growth temperatures. The Pb content is strongly dependent on the growth parameters. At the lowest growth temperatures the concentration increases to about 0.2 atoms per formula unit.
So far w~ have analysed the composition of our films normal to the plane of the platelet with an analysed depth of 1.25 Hm. In order to study the composition as function of film thickness we have grown a 27 Hm thick film (60 min, ;25 rpm, 760°C). Analysis are performed on the broken and polished platelet normal to the growth direction with steps of 2.8 ~m from substrate to film surface. 
Concentration vs depth in a 27
Hm thick film, horizontally aipped with substrate rotation 125 rpm for 60 min. at 760°C.
As can be seen from Fig. 8 the Pb and In contents decrease when going to the film surface while the Pt content slightly increases. These compositional variations are probably related to changes in growth with dipping time.
Magnetic parameters
The saturation magnetization of the films was measured with a vibrating sample magnetometer.
The 4~M s values decrease continuously from 2000 ~ 100 Gauss for a film grown at 790°C to 1300 Gauss for a film grown at 724°C. Rotation of the substrate leads to about I0% lower values of 4~M s. Magnetic torque measurements revealed that the easy axes of magnetization are in-plane. In accordance with this result no stripe domains were observed.
Discussion
We have seen that a rather high supersaturation of the flux (AT ~ 200oc) is necessary to obtain film growth on (100)-syton polished MgO substrates. An explanation can be found in the higher surface free energy of a (100)-plane of MgO compared to a (III)-plane. Film growth on (Ill)-MgO starts about 100°C higher than on (100)-MgO substrates (19) , so when an insufficiently polished (IO0) substrate is dipped at a temperature between these saturation temperatures, initial growth can occur on those parts of the surface which have a lower surface free energy (20) . This explains why growth on diamond polished substrates starts at a higher temperature than on syton polished substrates. As a result films on diamond polished substrates have an inferior quality and <I00> directions of film and substrate can even make a small angle with each other.
We find an appreciable drop of the saturation magnetization with decreasing growth temperature.
This effect can be attributed to the increasing Pb concentration.
The lead ions are probably substituted at octahedral sites, which gives a decrease of 4~M s. At the same time the Curie temperature decreases due to the decreasing magnetic interaction and this leads to a further lowering of the magnetization.
The influence of Pb is clearly proved by the effect of substrate rotation. Finally the equilibrium distribution of Mg ions also depends on the temperature. At lower temperatures more Mg is present at octahedral sites, and this also contributes to the lowering of 4~M s. So far we did not succeed in growing films with the preferred magnetization direction perpendicular to the film plane. This is probably due to the compressive stress in combination with a negative magnetostriction constant ~,nn of the ferrite. Assuming Young's modulus E ~ 2 x I0 L ayn/¢m2, a misfit Aa = -0.02 ~ corresponds to a stress ~ ~ -6 x 109 dyn/cm 2. If we further take 4~M s 1500 G and ~IO0 ~ -I0-5, the stressinduced anisotropy field is Hs~ress ~ -1500 Oe. According to Borrelli (8) the growth-inducea anlsotropy in bulk crystals is of the order H ro t +I000 Oe. If H rowth has a similar magnitude in t~e ~1~ms a slightly positive mls~it is necessary. We have tried to achieve this by adding small amounts of either AI203 or Ga203 to the flux. However, the resulting films always showed light colored, broad, straight lines along <I00> directions as soon as Aa > -0.014. This means that due to the occurence of some stress Vol. 12, No. 7
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relieving mechanism no perfect films could be grown with Aa > +0.003 at the growth temperature.
Conclusions
We have shown that it is possible to grow epitaxial films of magnesium-indiumferrite on (I00) MgO substrates by means of the LPE method. To grow perfect films a good surface finish of the substrates is necessary. A serious disadvantage of MgO is the large difference in thermal expansion compared with the ferrite. As a consequence good films are always in compression at room temperature.
